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SINTERED MATERIAL, AND PROCESS FOR
PRODUCING SAME

TECHNICAL FIELD

The invention relates to a sintered body, a production
method thereof, a sputtering target and a method for produc-
ing an oxide thin film using this sputtering target.

BACKGROUND ART

In order to realize a large-area and highly-precise next-
generation display, a transistor having a high mobility 1s
required. For use 1n a transistor, an oxide semiconductor has
attracted attention. As a candidate material of an oxide semi-
conductor, a thin film of amorphous indium gallium zinc
oxide (IGZ0) 1s promising. This thin film can be obtained by
sputtering a target formed of a sintered body having the same
composition.

In a sputtering method, generally, glow discharge 1s
allowed to occur between a substrate as the anode and a target
as the cathode 1n an argon gas pressure of about 10 Pa or less,
thereby to generate argon plasma. Argon positive 1ons 1n this
plasma collide with the target as the cathode to cause the
particles of the target components to fly off, and these par-
ticles are then deposited on the substrate to form a film.

A sputtering method 1s divided into several methods
according to the manner of argon plasma generation. A
method which uses high-frequency plasma 1s called high-
frequency sputtering method, and a method which uses direct
current plasma 1s called direct current sputtering method.
Further, a method in which magnets are arranged on the rear
side of the target to allow argon plasma to concentrate on just
above the target, whereby collision efficiency of argon 10ns 1s
increased to enable film formation at a low pressure 1s called
“magnetron sputtering method”.

An IGZO sintered body i1s generally used as an oxide
semiconductor target. An IGZ0 sintered body 1s produced by
a powder sintering method 1n which, substantially, an indium
oxide, a galllum oxide and a zinc oxide are compounded to
have a desired composition, and the resulting mixture 1s sub-
jected to press shaping, and the shaped body 1s then sintered
at a temperature of 1400° C. or higher (Patent Document 1).

Further, 1n order to improve transistor performance, devel-
opment of a sintered body for obtaining a crystalline oxide
semiconductor such as indium oxide gallium (IGO) has been
studied (Patent Document 2). As for the method for sintering
an IGOtarget, by conducting sintering at 1200° C. to 1600° C.
for 2 hours or more, gallium 1s solid dissolved 1n an indium
site, whereby a high-density target can be obtained.

However, 1t has been found that 11 sputtering 1s conducted
at a large power of 3 W/cm” or more by using a middle- to
large-sized target 1n which a longer side or one side has a
length exceeding 5 inches (1.e. a target having an area exceed-
ing 25000 mm®) that is produced under these conditions,
particles may generate.

Also, it has been confirmed that such a phenomenon hardly
occurs 1n a small-sized target having a size of 4 inches or less.
An oxide semiconductor 1s originally a material that meets
requirements for an increase in area of a display. Of these
oxide semiconductors, a material comprising both indium
and gallium such as IGO has a problem that particles may
generate. Therefore, there 1s a demand for solving this prob-
lem.

5

10

15

20

25

30

35

40

45

50

55

60

65

2
RELATED ART DOCUMENTS

Patent Documents

Patent Document 1: JP-A-2010-238770
Patent Document 2: W(O2010-032422

SUMMARY OF THE INVENTION

In view of the above-mentioned problems associated with
conventional technologies, an object of the mvention 1s to
obtain a sputtering target which does not suffer from genera-
tion of particles even if sputtering 1s conducted at high power
and 1s capable of obtaining a long-running high-quality oxide
semiconductor thin film.

As a result of intensive studies, the inventors have found
that a sintered body having a small void ratio can suppress
occurrence of particle generation.

According to the invention, the following sintered body or
the like can be provided.

1. A sintered body which comprises at least indium oxide and
gallium oxide and comprises voids each having a volume
of 14000 um> or more in an amount of 0.03 vol % or less.

2. A method for producing the sintered body according to 1,
wherein one surface of the sintered body has an area of
25000 mm* or more and a thickness of 5 mm or more.

3. The sintered body according to 1 or 2, which has an atomic
ratio represented by Ga/(In+Ga) of 0.01 to 0.13 and com-
prises a bixbyite structure represented by In,Os;.

4. The sintered body according to any of 1 to 3, which com-
prises tin 1 an amount of 100 to 10000 ppm.

5. The sintered body according to any of 1 to 4, which com-
prises Al 1n an amount of 100 to 10000 ppm.

6. A method for producing a sintered body comprising:

a mixing step in which at least an indium-contaiming com-
pound and a galllum-containing compound are mixed to
obtain a mixture;

a shaping step in which the mixture 1s shaped to obtain a
shaped body; and

a sintering step 1n which the shaped body 1s sintered to
obtain a sintered body; wherein the sintering step comprises a
heating step in which the shaped body 1s heated 1n an oxygen-
containing atmosphere at an average heating rate of 0.1 to
0.9° C./min at a temperature of 700 to 1400° C. and a retain-
ing step 1n which the shaped body 1s retained at 1250 to 1650°
C. for 5 to 30 hours.

7. The method for producing a sintered body according to 6,
wherein the heating 1s conducted by the following heating
pattern:
average heating rate at a temperature of 400° C. or more

and less than 700° C. (first average heating rate): 0.2 to 1.5°

C./min
average heating rate at a temperature of 700° C. or more

and less than 1100° C. (second average heating rate): 0.15 to

0.8° C./min

average heating rate at a temperature of 1100° C. or more
and less than 1400° C. (third average heating rate): 0.1 to 0.5°
C./min

the first average heating rate>the second average heating
rate>the third average heating rate.

8. The method for producing a sintered body according to 6 or
7, wherein, 1n the heating step, the average heating rate 1s
0.3 10 0.5° C./min at 700° C. or more and less than 1100° C.

9. The method for producing a sintered body according to any
of 6 to 8, wherein, in the heating step, the average heating
rate1s 0.15t0 0.4° C./min at 1100° C. or more and 1400° C.

or less.
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10. The method for producing a sintered body according to
any of 6 to 9, wherein the atomic ratio of the mixture
represented by Ga/(In+Ga) 15 0.01 to 0.13 and the sintered
body comprises a bixbiyte structure represented by In,O,.

11. The method for producing a sintered body according to
any of 6 to 10, wherein the mixture comprises tin 1 an
amount of 100 to 10000 ppm.

12. The method for producing a sintered body according to
any of 6 to 11, wherein the mixture comprises Al 1n an
amount of 100 to 10000 ppm.

13. The method for producing a sintered body according to
any of 6 to 12, wherein one surface of the sintered body has
an area of 25000 mm~ or more and a thickness of 5 mm or
more.

14. A sintered body produced by the method for producing a
sintered body according to any of 6 to 13.

15. A sputtering target using the sintered body according to
any of 1 to 5 and 14.

16. A method for producing an oxide thin film, wherein a film
1s formed using the sputtering target according to 15 by a
sputtering method at a sputtering power of 3 to 20 W/cm”.
According to the mmvention, 1t 1s possible to provide a

sputtering target capable of producing a long-running high-

quality oxide semiconductor thin film without sutlering gen-
eration of particles by sputtering at a high power.

By using such a target, it becomes possible to obtain a
semiconductor for a display device represented by a large-
s1zed liquid crystal display or a large-sized EL display or a
transparent electrode material for a large-area solar battery
eificiently at a high yield.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a view showing one example of a sputtering
apparatus used in the method for producing an oxide thin film
of the imnvention;

FIG. 2 1s a view showing the dependency of the shaped
body obtained in Example 1 on the heating temperature;

FIG. 3 1s a view showing the results of an X-ray CT mea-
surement of the sintered body obtained in Example 1;

FI1G. 4 1s a view showing the results of an X-ray CT mea-
surement of the sintered body obtained i Comparative
Example 1; and

FIG. 5 1s a view showing the dependency of the shaped
body obtained 1n Example 7 on the heating temperature.

MODE FOR CARRYING OUT THE INVENTION

The method for producing a sintered body of the invention
comprises a raw material mixing step 1n which at least indium
oxide and gallium oxide are mixed to obtain a mixture, a
shaping step 1n which the mixture 1s shaped to obtain a shaped
body and a sintering step 1n which the shaped body 1s sintered
In an oXygen-containing atmosphere.

The sintering step comprises a heating step and a retaining,
step. In the heating step, the average heating rate at 700 to
1400° C. 15 0.1 t0 0.9° C./min (preferably 0.2 to 0.5° C./min).
In the retaining step, the sintered body 1s retained at 1250 to
1650° C. for 5 to 30 hours.

It 1s preferred that the heating rate at 700 to 1400° C. 1n the
heating step be 0.1 to 0.9° C./min.

From the results of an X-ray CT measurement, it has been
found that the generation of particles when a middle- to
large-sized target 1s used 1s not attributed to the density of the
target, but to the presence of fine voids 1nside of the target.

In a middle- to large-sized target, these fine voids, which
cause generation ol particles, are voids each having a volume
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4

of 14000 um” or more (about 30 um or more in terms of a
diameter of an equivalent sphere obtained from the volume).
By allowing the ratio of the volume of a void (hereinbelow,
referred to as the “void ratio”) which has a larger size than this
in the sintered body (target) to be 0.03% or less, generation of
particles by sputtering can be suppressed.

It 1s assumed that the reason that voids each having a
volume of 14000 um> or more are generated inside of the
sintered body 1s that a gap 1s formed 1n the grain boundary of
a bixbyite crystal during the heating step of a shaped body. In
general, in the case of indium tin oxide (ITO) or the like, since
tin which has not completely been solid-dissolved i an
indium site 1s segregated 1n the grain boundary, a void having
avolume of 14000 um> or more is hardly formed. However, in
the case of other materials than tin, a void tends to be formed
casily. It 1s assumed that, 11 the volume of the gap becomes
14000 um> or more, when sputtering is conducted for a long,
period of time, particles are tend to be generated on the
formed film with a convex and concave pattern being a start-
ing point.

According to the above-mentioned production method of
the invention, 1t 1s possible to suppress generation of a void
having a volume of 14000 um"~ or more in the sintered body,
whereby generation of particles during sputtering can be sup-
pressed.

The average heating rate at a temperature ot 700 to 1400°
C. 1s obtamned by dividing a difference in temperature
between 700° C. and the attainment temperature of heating by
the time required for heating.

In the heating step, it 1s preferred that average heating rate
at a temperature 01 400° C. or more and less than 700° C. (first
average heating rate) be 0.2 to 1.5° C./min. The heating rate 1s
preferably within the range o1 0.2 to 2.0° C./muin.

It 1s preferred that the average heating rate at 700 to
1400° C. be the following heating pattern.

average heating rate at a temperature of 700° C. or more
and less than 1100° C. (second average heating rate): 0.15 to
0.8° C./min

average heating rate at a temperature of 1100° C. or more
and less than 1400° C. (third average heating rate): 0.1 to 0.5°
C./min

The second average heating rate 1s more preferably 0.3 to
0.5° C./min.

The third average heating rate 1s more preferably 0.15 to
0.4° C./min.

As for the average heating rate mentioned above, 1t 1s
preferred that the second average heating rate be larger
than (>) the third average heating rate. It 1s more preferred that
the first average heating rate be larger than (>) the second
average heating rate, and the second average heating rate be
larger than (>) the third average heating rate.

It 1s preferred that the heating rate at a temperature range of
700° C. or more and less than 1100° C. be within the range of
0.05 to 1.2° C./min.

It 1s preferred that the heating rate at a temperature range of
1100° C. or more and less than 1400° C. be within the range
o1 0.08 to 1.0° C./min.

By allowing the heating step to be conducted 1n the above-
mentioned heating pattern, generation of particles during
sputtering can be more preferably suppressed.

If the first average heating rate 1s below 0.2° C./min, the
time required for heating may be increased, leading to low-
ering in production efliciency. If the first average heating rate
exceeds 1.5° C./min, a binder which has been incorporated 1n
order to increase dispersibility during mixing may remain,
leading to occurrence of cracks or the like 1n the target.
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If the second average heating rate 1s below 0.15° C./min,
not only the time required for heating may be increased, but
also crystals may be grown extraordinary, and as a result, a
vold having a diameter of 50 um or more may be generated
inside of the resulting sintered body. I the second average 5
heating rate exceeds 0.8° C./min, since sintering started at
different locations, warpage may occur.

If the third average heating rate 1s below 0.1° C./min, not
only the time required for heating may be increased, but also
(Ga may be evaporated to cause composition deviation. If the 10
third average heating rate 1s above 0.5° C./min, according to
the distribution of densification, tensile stress may be gener-
ated, whereby the sintering density may not be increased.

If the second average heating rate 1s larger than (>) the third
average heating rate, it 1s expected that generation of particles 15
can be suppressed further effectively even if sputtering is
conducted for a long period of time.

Although no specific restrictions are imposed on the heat-
ing rate when the shaped body is heated to a temperature
exceeding 1400° C. and 1630° C. or less, the heating rate 1s 20
normally about 0.15 to 0.4° C./min.

After heating 1s completed, the shaped body 1s retained at a
sintering temperature of 1250 to 1650° C. for 5 to 30 hours to
conduct sintering (retaiming step). The sintering temperature
1s preferably 1300 to 1600° C. The sintering time 1s preferably 25
about 10 to 20 hours.

Sintering 1s conducted 1n an oxygen-containing atmo-
sphere, e.g. 1n the oxygen atmosphere, or 1n the atmospheric
air. Further, sintering may be conducted after substituting the
atmosphere with oxygen 1n advance, or may be conducted 30
while introducing air or oxygen. The oxygen-contaiming
atmosphere preferably contains 20 vol % or more of oxygen,
more preferably 50 vol % or more of oxygen.

In the raw material mixing step, as the raw matenals of a
sintered body, at least an indium-containing compound (in- 35
dium oxide or the like) and a galllum-containing compound
(gallium oxide or the like) are mixed. As the raw matenal, a
tin-containing compound (tin oxide or the like) and an alu-
minum-containing compound (alumina or the like) may fur-
ther be added. 40

An atomic ratio represented by Ga/(In+Ga) 1s preferably
0.01 to 0.13, more preterably 0.01 to 0.09, with 0.02 to 0.08
being further preferable.

If tin 1s contained 1n the raw material, the concentration of
tin (atomic ratio) 1s normally 100 to 10000 ppm, preferably 45
200 to 2000 ppm.

When Al 1s contained 1n the raw material, the concentration

of Al (atomic rat10) 1s normally 100 to 10000 ppm, preferably
200 to 5000 ppm.

By pressing the above-mentioned mixture, a shaped body 50
can be produced.

The sintered body of the invention can be obtained by the
above-mentioned production method.

The sintered body of the invention 1s a sintered body which
comprises at least indium oxide and gallium oxide and com- 55
prises voids each having a volume of 14000 um® in an amount
ol 0.03 vol % or less. This sintered body can be obtained by
the production method of the mnvention.

The sintered body of the mmvention comprises at least
indium oxide and gallium oxide. The sintered body of the 60
invention may also comprise tin and/or aluminum.

The sintered body has an atomic ratio represented by Ga/
(In+Ga) of 0.01 to 0.13, preterably 0.01 to 0.09, and more

preferably 0.02 to 0.08.

It 1s preferred that 1t comprise a bixbyite structure repre- 65
sented by In,O;. The bixbyite structure can be confirmed by
an XRD measurement.

6

If the sintered body comprises tin, the concentration of tin
1s normally 100 to 10000 ppm, preferably 200 to 2000 ppm.

I1 the sintered body comprises Al, the concentration of Al1s
normally 100 to 10000 ppm, preferably 200 to 5000 ppm.

The sintered body of the invention 1s substantially an oxide
of indium and gallium or an oxide of indium, gallium and tin
and/or aluminum, preferably. In the invention, the “substan-
tially” means that other impurities which are inevitably mixed
in may be contained within an amount range which does not
impair the advantageous ellects of the invention.

The area of the main surface of the sintered body of the
invention is preferably 25000 mm? or more, more preferably
30000 to 1000000 mm~ and further preferably 40000 to
800000 mm~. The thickness of the main surface is preferably
5> mm or more, and more preferably 5 to 20 mm.

By processing and shaping of the above-mentioned sin-
tered body and bonding the resulting shaped body to a back-
ing plate, the sputtering target of the invention can be
obtained.

The oxide thin film of the invention 1s formed by using the
above-mentioned sputtering target and by conducting sput-
tering at a power of 3 to 20 W/cm?, preferably 4 to 20 W/cm”.

In one embodiment of the method for producing an oxide
thin film of the invention, substrates are sequentially con-
veyed to positions opposing to three or more targets which are
provided 1n a vacuum chamber in parallel with a prescribed
interval being provided, and a negative potential and a posi-
tive potential are alternatively applied to each of the targets
from an AC power source, whereby plasma 1s generated on
the target and a film 1s formed on the surface of the substrate.

At this time, at least one output from the AC power source
1s connected to two or more targets, and between these two or
more targets being connected, film formation 1s conducted
while switching the target to which a potential 1s applied. That
1s, at least one output from the AC power source 1s connected
to two or more targets, and film formation 1s conducted while
applying different potentials to adjacent targets.

As the apparatus which can be used 1n this sputtering, an
AC (alternate current) sputtering apparatus for producing a
large-area display which 1s disclosed 1n JP-A-2005-290550
can be given, for example. By using this apparatus, further
high-speed film-formation becomes possible, and the carrier
concentration of the film can be a prescribed value with a high
degree of reproducibility.

Specifically, the above-mentioned AC sputtering apparatus
comprises a vacuum chamber, a substrate holder arranged
within the vacuum chamber and a sputtering source arranged
at a position opposing to the substrate holder. The essential
parts of the sputtering source are shown in FIG. 1.

The sputtering source has a plurality of sputtering parts
which respectively have a plate-like target 100a to 100/ I the
surface to be sputtered of each target 100q to 100/ 1s referred
to as a sputtering surface, the sputtering parts are arranged
such that the sputtering surfaces are located on the same
plane.

Each of the targets 100a to 100/ 1s formed in a narrow,
rectangular shape having a longitudinal direction. These tar-
gets are of the same shape, and the edge portions (side sur-
faces) 1n the longitudinal direction of the sputtering surface
are arranged 1n parallel with a prescribed space being pro-
vided between adjacent edge portions. Accordingly, the side
surfaces of adjacent targets 100a to 100f are arranged 1n
parallel.

Outside the vacuum chamber, AC power sources 300a to
300c¢ are arranged. Of the two terminals of each AC power
source 300a to 300¢, one terminal 1s connected to one of the
adjacent two electrodes and the other terminal 1s connected to
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the other electrode. The two terminals of each power source
300a to 300¢ output voltages having different polarities (posi-

tive and negative). Since the targets 100a to 1007 are attached
to the electrodes 1n a closely contact manner, alternate volt-
ages having different polarities are applied to the targets 100a
to 100/ from the AC power sources 300a to 300c¢. Theredore,
ol adjacent targets 100a to 100/, when one 1s put 1n a positive
potential, the other 1s put 1n a negative potential.

On the side of the electrode opposite to the targets 100q to
100/, a magnetic field forming means 200a to 200/ are
arranged. FEach magnet field forming means 200a to 200/ has
a ring-like magnet of which the size 1s approximately similar
to the outer circumierence of the target 100a to 100/ and a
bar-like magnet having a length shorter than the ring-like
magneit.

Each ring-like magnet 1s arranged 1n parallel relative to the
longitudinal direction of the targets 100a to 100/ at a position
which 1s right behind the corresponding single target 100a to
1007. As mentioned above, since the targets 100a to 100/ are
arranged 1n parallel with a prescribed space being provided
therebetween, the ring-like magnets are also arranged with
the same 1nterval being provided as 1n the case of the targets
100a to 1001,

It 1s preferred that the frequency of the AC sputtering be in
the range of 10 kHz to 1 MHz. If the frequency 1s less than 10
kHz, a problem of noise may occur. If the frequency exceeds
1 MHz, since plasma spreads too widely, sputtering 1s con-
ducted at a position other than the desired target position,
whereby uniformity may be impaired. The frequency of the
AC sputtering 1s more preferably 20 kHz to 500 kHz.

It the above-mentioned apparatus 1s used, the film-forming,
speed 1s preferably 70 to 250 nm/min, more preferably 100 to
200 nm/min.

In the method for producing an oxide thin film of the
invention, it 1s preferred that the power density be 3 to 20
W/cm”. If the power density is less than 3 W/cm”, the film
forming speed 1s slow, leading to economical disadvantage. If
the power density exceeds 20 W/cm?, the target may be bro-
ken. The power density is more preferably 5 to 12 W/cm”.

EXAMPLES

Example 1

03.2 parts by weight of indium oxide powder having an
average particle diameter of 0.5 um and 4.8 parts by weight of
gallium oxide powder having an average particle diameter of
0.5 um (In:Ga(at %)=93:7) were placed 1n a polyethylene-
made pot, and mixed by means of a dry ball mill for 72 hours
to prepare powder mixture. Water, a dispersant and a binder
were added to the mixture to allow 1t to be a slurry. The
resulting slurry had a viscosity of 1000 cP.

The resulting slurry was placed 1n a beads mill accommo-
dating zirconia-made beads each having a diameter of 3 mm,
and was subjected to a 2-pass treatment. The treating time was
6 hours. This slurry was granulated by spray drying, whereby
granulated powder was obtained.

The thus obtained granulated powder was put 1n a mold
having a dimension of 250 mm (vertical), 400 mm (lateral)
and 15 mm (thickness). The powder was shaped at a pressure
of 200 kg/cm?, and then subjected to a CIP (cold isostatic
pressing) treatment at a pressure of 3 t/cm” (shaped body A).
As for the shaped body A, the same 36 shaped bodies were
produced.

Further, for the purpose of using in a thermo-mechanical
analysis, a CIP shaped body (shaped body B) was produced
under the same conditions as mentioned above aiter putting,
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the above-obtained granulated powder 1n a mold of 60 mm
(vertical), 60 mm (lateral) and 10 mm (thickness).

For one of the shaped bodies B, after conducting pre-firing
at 400° C., 1t was processed 1nto a size of 3 mmx3 mmx1.4
mm. The shaped body was then subjected to a thermo-me-
chanical analysis, and the dependency of the heat shrinkage
on the heating temperature was measured. The results are
shown 1n FIG. 2.

As a result, 1t was found that heat shrinkage started at 833°
C. and the heat shrinkage speed became the fastest at around
1200° C.

Based on these results, the shaped body A and the shaped
body B were placed i a sintering furnace in an oxygen
atmosphere, and sintering was conducted according to the
following conditions (sintered bodies A and B).

(1) First heating rate (400° C. or more and less than 700°
C.) 0.5° C./min

(2) Second heating rate (700° C. or more and less than
1100° C.) 0.2° C./min

(3) Third heating rate (1100° C. or more and less than
1400° C.) 0.1° C./min

(4) Retamning at 1400° C. for 10 hours

(5) Furnace cooling

Each of the 36 sintered bodies A was processed into a
cuboid having a size of 200 mm (vertical )x280 mm (lateral)x
10 mm (thickness). These 36 sintered bodies were bonded to
a backing plate, 6 each, whereby a long sputtering target was
prepared 1n a quantity of 6 (one obtained by dividing a target
having a width of 200 mm, a length of 1700 mm and a
thickness of 10 mm 1nto 6).

Then, by using an AC sputtering apparatus shown in FIG.
1 disclosed 1 (JP-A-2003-290350), sputtering was con-
ducted without heating a glass substrate having a width of
1100 mm, a length of 1250 mm and a thickness of 0.7 mm.

The above-obtained 6 long sputtering targets 100a to 100/
were arranged in parallel with the width direction of the
substrate such that the distance between the targets became 2
mm. The width of the magnet field forming means 200q to
2007/ was 200 mm as 1n the case of the targets 100q to 100/,

From the gas supply system, Ar and H,O as sputtering
gases were introduced at a tlow rate of 99:1. The film-forma-
tion atmosphere at this time was 0.5 Pa. The power of the AC
power source was 3 W/cm” (=10.2 kW/3400 cm”) and the
frequency was 10 kHz.

Film formation was conducted for 8 seconds under the
above-mentioned conditions, and the thickness of the result-
ing IGO film was measured and found to be 15 nm. The
surtace of the film was as smooth as mirror. The surface was
visually observed by using lamp retlection light, but no par-
ticles were observed.

From the sintered body B, 5 cuboids (3 mmx4 mmx40
mm ) were cut. The 3-point bending test was conducted. As a
result, the average bending strength was found to be 196 MPa.

Further, from the sintered body B, a cuboid (1 mmx]
mmx3S mm) was cut, and the inside of the cuboid obtained was
observed by an X-ray CT measurement machine manufac-
tured by Yamato Scientific Co., Ltd. The results are shown 1n
FIG. 3.

It was revealed that a void having a volume of 14000 um’
was present at one location, and the void ratio 1n the measure-
ment range was 0.007%. The void was observed by visualiz-
ing three-dimensionally under the following conditions.
Measurement apparatus: TDM1000-IS (X-ray CT apparatus

manufactured by Yamato Scientific Co., Ltd.)
Magnification: x30
X-ray tube voltage: 100 kV
X-ray tube current: 0.022 mA
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Size of field of view: ¢2 mmxh 2 mm

X-ray CT apparatus: TDM1000-IS (manufactured by Yamato
Scientific Co., Ltd.)

X-ray tube voltage [KV]: 100.000

X-ray tube current [mA]: 0.022

Magnification: x30

Size of field of view: ¢2 mmxh 2 mm

Analysis software: TRI/3D-BON (manufactured by Ratoc

System Engineering Co., Ltd.)

When clear voids each having a volume of 14000 um?> were
observed 1n this apparatus under these conditions, a value
obtained by dividing the total of the volumes of these voids by
the volume of the measurement region was defined as a void
ratio.

As for the sintered bodies obtained in Examples 1 to 9, the
crystal phase was examined by XRD. A bixbyite phase was
observed 1n each sintered body.

Comparative Example 1

Sintered bodies C and D were obtained 1n the same manner
as 1n Example 1, except that the heating step was changed as
tollows (Sintered bodies C and D (D: for thermo-mechanical
analysis).

(1) First heating rate (400° C. or more and less than 700°
C.) 0.5° C./min

(2) Second heating rate (700° C. or more and less than
1100° C.) 0.05° C./min

(3) Third heating rate (1100° C. or more and less than
1350° C.) 0.05° C./min.

(4) Retaining at 1350° C. for 15 hours

(5) Furnace cooling,

Each of the 36 sintered bodies C was processed mnto a
cuboid having a size of 200 mm (vertical )x280 mm (lateral)x
10 mm (thickness). These 36 sintered bodies were bonded to
a backing plate, 6 each, whereby a long sputtering target
(obtained by dividing a target having a width of 200 mm, a
length of 1700 mm and a thickness of 10 mm into 6) was
prepared 1n a quantity of 6.

Then, by using an AC sputtering apparatus shown 1n FIG.
1, sputtering was conducted without heating a glass substrate
having a width of 1100 mm, a length of 12350 mm and a
thickness of 0.7 mm 1n the same manner as 1n Example 1.

The thickness of the resulting IGO film was measured and
found to be 15 nm. The surface of the film was as smooth as
mirror. The surface was visually observed by using lamp
reflection light, and a large number of particles were
observed.

A broken piece obtained when processing and shaping the
shaped body D was cut into 5 cuboids each having a si1ze of 3
mmx4 mmx40 mm, and they were subjected to a 3-point
bending test. As aresult, it was found that the average bending,
strength was 95 MPa, which was half or less of the strength
obtained 1n Example 1.

From the sintered body D, a cuboid (1 mmx1 mx5 mm)
was cut. The mside was observed by the X-ray C'T measure-
ment machine mentioned above. The results are shown in
FIG. 4.

It was revealed that a void having a volume of 14000 um”
or more was present at 7 locations, and the void ratio in the
measurement range was 0.05%. It was confirmed that a void
having a volume of 14000 um> or more grew if the heating
rate was too slow.

Examples 2 to 5 and Comparative Examples 2 and 3

Sintered bodies were prepared in the same manner as 1n
Example 1, except that the composition, the heating condi-
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tions and the sintered body size were changed to those shown
in Tables 1 and 2. Sputtering was then conducted, and the
number of particles on the film, the average bending strength,
and the amount and ratio of voids (imeasured by the X-ray CT
measurement) were evaluated.

The size of the sputtering target and the size of the glass
substrate were changed according to the size of the sintered
body.

The results of Examples 2 to 5 are shown in Table 1, and the
results of Comparative Examples 2 and 3 are shown 1n Table

2.

Example 6

The slurry of the raw material powder mixture was put 1n
the same mold as that used in Example 1 without conducting
spray drying, and naturally dried. Since the resulting powder
had a wide grain size distribution as compared with the granu-
lated powder, the heat shrinkage occurred slowly. The results
are shown 1n FIG. 5.

Next, sintering was conducted under the heating conditions
as those shown 1n Table 1, and sputtering was conducted in the
same manner as in Example 1. The number of particles on the
f1lm, the average bending strength, and the amount and ratio
of voids (measured by the X-ray C1 measurement) were
evaluated.

Examples 7 and 8

The targets prepared in the same manner as in Example 6
were used for 10 hours (Example 7) and 50 hours (Example 8)
in sputtering. Thereatter, sputtering was conducted. The num-
ber of particles on the resulting film was confirmed 1n the

same manner as in Example 6. The results are shown 1n Table
1.

Example 9

Granulated powder was obtained 1n the same manner as 1n
Example 1, except that 99.3 parts by weight of indium oxide
powder having an average particle diameter o1 0.5 um and 0.7
parts by weight of gallium oxide powder having an average
particle size of 0.5 um were used.

Then, the mixture oxide powder was put 1n a mold, and
preliminary shaping was conducted by means of a mold
pressing machine at a pressure of 100 kg/cm”. The shaped
body was then consolidated at a pressure of 4 t/cm” by means
of a cold isostatic pressing machine, whereby a columnar
shaped body having a diameter o1 340 mm and a height of 150
mm was obtained.

This shaped body was put 1n a sintering furnace, and sin-
tered 1n the air as follows, thereby to obtain an oxide sintered
body.

(1) First heating rate (400° C. or more and less than 700°
C.) 1.0° C./min

(2) Second heating rate (700° C. or more and less than
1100° C.) 0.5° C./min

(3) Third heating rate (1100° C. or more and less than
1350° C.) 0.3° C./min

(4) Retamning at 1350° C. for 135 hours

(5) Furnace cooling

The resulting oxide sintered body was put 1n a lathe, and
then processed 1nto a cylindrical body having an outer diam-
eter o1 300 mm, an mner diameter of 290 mm and a height of
100 mm. By fixing the cylindrical body to a backing plate by
means ol an In bonder, a target formed of the oxide sintered
body was obtained. For a part of this cylindrical target, the
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inside was observed by means an X-ray CT measurement
machine 1n the same manner as 1n Example 1. As a result, 1t
was found that the number of voids each having a volume of
14000 um> or more was one and the void ratio was 0.006%.
The bending strength was 209 MPa. 5

Subsequently, sputtering was conducted by using this
cylindrical IGO target, and the number of particles of the
resulting IGO film was measured. Two particles were con-
firmed.

12

Comparative Examples 4 and 5

The targets obtained 1n the same manner as in Comparative
Example 3 were used for 10 hours (Comparative Example 4)
and 50 hours (Comparative Example 5) for sputtering. There-
after, sputtering was conducted. The number of particles on

the resulting film was confirmed 1n the same manner as in
Comparative Example 3. The results are shown 1n Table 2.

TABLE 1
Example 1 Example 2 Example 3 Example 4 Example 5
Composition In,05:Ga>0; In,0;:Ga>0; In,0;:Ga>0;  In»,0;:Ga,0;5:Sn0, In,0;:Ga,053:Al,0;
In:Ga (at %) 93:7 92.8:7.2 91:9 In:Ga:Sn = In:Ga:Al =
92.8:7.1:0.1 93.0:6.9:0.1
Sintered body size (mm) 200 x 280 x 10 250 x 2000 x 10 500 x 500 x 12 200 x 280 x 10 200 x 280 x 10
Area (mm?) 56000 500000 250000 56000 56000
First heating rate (° C./min) 0.50 0.20 1.50 1.00 1.00
(400° C. or higher and lower
than 700° C.)
Second heating rate (° C./mun) 0.2 0.2 0.8 0.5 0.5
(700° C. or higher and lower
than 1100° C.)
Third heating rate (° C./min) 0.1 0.1 0.5 0.3 0.3
(1100° C. or higher and 1400° C.
or lower)
Highest temperature (° C.) 1400 1400 1300 1400 1400
Highest temperature retention 10 20 10 15 20
time (hr)
Number of voids having a 1 2 1 1 3
volume of 14,000 um” or more
Void ratio (%) of voids having a 0.007 0.009 0.005 0.005 0.011
volume of 14,000 pm? or more
Bending strength (MPa) 196 212 188 250 230
Number of particles on the 0 1 1 1 0
sputtering film
Example 6 Example 7 Example 8 Example 9
Composition In,0,:Ga,0, In,0;:Ga,0, In,0;:Ga, 0, In,0;:Ga,0,
In:Ga (at %) 95:5 95:5 95:5 99:1
Sintered body size (mm) 200 x 280 x 10 200 x 280 x 10 200 x 280 x 10 300¢ x 100 x 3
Area (mm?) 56000 56000 56000 70650
First heating rate (° C./min) 1.00 1.00 1.00 1.00
(400° C. or higher and lower
than 700° C.)
Second heating rate (° C./min) 0.5 0.5 0.5 0.5
(700° C. or higher and lower
than 1100° C.)
Third heating rate (° C./min) 0.3 0.3 0.3 0.3
(1100° C. or higher and 1400° C.
or lower)
Highest temperature (° C.) 1400 1400 1400 1350
Highest temperature retention 10 10 10 15
time (hr)
Number of voids having a 2 2 2 1
volume of 14,000 pm? or more
Void ratio (%) of voids having a 0.009 0.009 0.009 0.006
volume of 14,000 um” or more
Bending strength (MPa) 190 190 190 209
Number of particles on the 2 2 (after 3 (after 2
sputtering film using the using the
target for 10 target for 50
hours) hours)
TABLE 2
Com. Ex. 1 Com. Ex. 2 Com. Ex. 3 Com. Ex. 4 Com. EX. 5
Composition In,05:Ga,0;  In,0;3:Ga,0; In,05:Ga,0, In,0;4:Ga, 05 In,05:Ga,0;
In:Ga (at %) 93:7 85:15 93:7 937 93:7
Sintered body size (mm) 200 x 280 x 10 200 x 280 x 10 250 x 2000 x 10 250 x 2000 x 10 250 x 2000 x 10
Area (mm?) 56000 56000 500000 500000 500000
First heating rate (° C./min) 0.50 0.20 0.50 0.50 0.50
Second and third heating rates (° C./min) 0.05 1.0 0.8 0.8 0.8
Maximum temperature (° C.) 1400 1350 1400 1400 1400
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TABLE 2-continued

Com. Ex. 1 Com. Ex. 2

Highest temperature retention time (hour) 15 15
Number of voids having a volume of 7 10
14,000 pm? or more
Void ratio (%) of voids having a volume 0.05 0.09
of 14,000 pm? or more
Bending strength (MPa) 95 30
Number of particles on the sputtering film 5 11

INDUSTRIAL APPLICABILITY

By using the sintered body (target) of the invention, a
semiconductor for a display device represented by a large-
s1ized liquid crystal display or a large-sized ELL display or a
transparent electrode material for a large-area solar battery

e

can be obtained e

1ciently with a high yield.

Although only some exemplary embodiments and/or
examples of this mvention have been described 1n detail

above, those skilled in the art will readily appreciate that
many modifications are possible 1n the exemplary embodi-
ments and/or examples without materially departing from the
novel teachings and advantages of this mvention. Accord-

ingly, all such modifications are intended to be included ,,

within the scope of this invention.

The documents described 1n the specification are mcorpo-
rated herein by reference 1n 1ts entirety.
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Com. Ex. 3 Com. Ex. 4 Com. EX. 5
50 50 50
11 11 11
0.08 0.08 0.08
50 50 50
50 60 90
(after using the (after using the

target for 10 hours) target for 50 hours)

The mvention claimed 1s:

1. A sputtering target which consists essentially of an oxide
of indium and gallium or an oxide of indium, gallium and tin
and/or aluminum and comprises voids each having a volume
0f 14000 um- or more in an amount of 0.03 vol % or less of the
volume of the sputtering target.

2. The sputtering target according to claim 1, wherein one
surface of the sintered body has an area of 25000 mm~ or more
and a thickness of 5 mm or more.

3. The sputtering target according to claim 1, which has an
atomic ratio represented by Ga/(In+Ga) of 0.01 to 0.13 and
comprises a bixbyite structure represented by In,O;.

4. The sputtering target according to claim 1, which com-
prises tin 1 an amount of 100 to 10000 ppm.

5. The sputtering target according to claim 1, which com-
prises Al 1n an amount of 100 to 10000 ppm.

6. A method for producing an oxide thin film, wherein a
f1lm 1s formed using the sputtering target according to claim
1 by a sputtering method at a sputtering power of 3 to 20
W/cm®.
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